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Abstract 

We perform a systematic analysis of soft supersymmetry breaking terms at the one loop level 
in a large class of string effective field theories. This includes the so-called anomaly mediated 
contributions. We illustrate our results for several classes of orbifold models. In particular, we 
discuss a class of models where soft supersymmetry breaking terms are determined by quasi 
model independent anomaly mediated contributions, with possibly non- vanishing scalar masses 
at the one loop level. We show that the latter contribution depends on the detailed prescription 
of the regularization process which is assumed to represent the Planck scale physics of the 
underlying fundamental theory. The usual anomaly mediation case with vanishing scalar masses 
at one loop is not found to be generic. However gaugino masses and A-terms always vanish at 
tree level if supersymmetry breaking is moduli dominated with the moduli stabilized at self- 
dual points, whereas the vanishing of the B-term depends on the origin of the /x-term in the 
underlying theory. We also discuss the supersymmetric spectrum of O-I and O-II models, as well 
as a model of gaugino condensation. For reference, explicit spectra corresponding to a Higgs 
mass of 114 GeV are given. Finally, we address general strategies for distinguishing among these 
models. 
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1 Introduction 



In any given super symmetric theory, a consistent analysis of the soft terms is necessary in order 
to make reliable predictions. Such a systematic analysis was performed at tree level by Brignole, 
Ibahez and Muhoz [|[] some time ago for a large class of four-dimensional string models. One of the 
nice features of this analysis was to make explicit the dependence of the soft terms in the auxiliary 
field vacuum expectation values (vev , s) and thus to relate them directly to the supersymmetry 
breaking mechanism. In this respect, the auxiliary fields F$ and Ft<* associated respectively with 
the string dilaton and the moduli fields are expected to play a central role in these superstring 
models. 

This analysis showed that, besides a universal contribution associated with the dilaton field, 
soft terms generically receive from moduli fields a non-universal contribution which may lead to a 
very different phenomenology from the standard one referred to as the minimal supergravity model. 

Recently, a new contribution to the soft supersymmetry breaking terms has been discussed 
under the name of "anomaly mediated terms" |2], |j that arise at the quantum level from the 
superconformal anomaly. They are truly supergravity contributions in the sense that they involve 
the auxiliary fields of the supergravity multiplet, more precisely the complex scalar auxiliary field M 
in the minimal formulation (see e.g. 0] or ||). However if these contributions are included, then all 
one-loop contributions to the soft terms should be taken into account. In what follows, we present 
the general form of these contributions, expressed in terms of the auxiliary fields and we discuss 
them for several classes of superstring models. We stress that some of the contributions depend on 
the way the underlying theory regulates the low energy effective field theory. In particular we find 
a model of anomaly mediation where the scalar masses might be non-vanishing at one loop. 

2 General form of one loop supersymmetry breaking terms 

In this section, we give the complete expressions for the soft supersymmetry breaking terms^. Let 
us start by introducing our notations. We consider a set of chiral superfields Z M (the associated 
scalar field will be denoted by z ) which belong to two distinct classes: the first class Z l de- 
notes observable superfields charged under the gauge symmetries, the second class Z n describes 
hidden sector fields, typically in the models that we will consider the dilaton and T and U moduli 

1 We keep only the terms of leading order in 7713/2/ (jlr, where m 3 / 2 is the gravitino mass (typically less than 10 
TeV) and (xr is the renormalization scale, taken to be the scale at which supersymmetry is broken (typically 10 11 GeV 
or higher) 
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fields. Their interactions are described by three functions: the Kahler potential K(Z , Z ), the 
superpotential W(Z l , Z n ) and the gauge kinetic functions f a (Z n ), one for each gauge group G a . 

The auxiliary fields are obtained by solving the corresponding equations of motion. They read 
for the chiral super fields :Q 

F M = _ e K/2 R MN ^_ + K _fr) ) (2.1) 

where, as is standard, Wft = dW/dZ N and K MN is the inverse of the Kahler metric K M jj = 
d 2 K/dZ M dZ N . The supergravity auxiliary field M simply reads: 

M = -3e K/2 W. (2.2) 

As a sign of spontaneous breaking of supersymmetry, the gravitino mass is directly expressed in 
terms of its vev (in reduced Planck scale units Mp\ / vott = 1 which we use from now on) : 

m 3/2 = — - < M >=< e K/2 W > . (2.3) 
3 

In terms of these fields, the F-term part of the potential reads: 

V = F I K I jF^ - -MM. (2.4) 
3 

Since in what follows we will assume vanishing D-terms we will only be interested in this part of 
the scalar potential. 

Finally, the holomorphic function f a (Z M ) is the coefficient of the gauge kinetic term in super- 
space. Its vev yields the gauge coupling associated with the gauge group G a : 

< Ref a >= \. (2.5) 

9 a 

In the weak coupling regime, the models that we consider have a simple gauge kinetic function: 

f(°\z n ) = k a S, (2.6) 

where S is the string dilaton and k a is the affine levelQ. In what follows, we will adopt the description 
of the dilaton in terms of a chiral superfield, although all our results were obtained in the linear 

2 We follow the sign conventions of |(| . Let us note that the auxiliary fields differ by a sign from the ones used 
by Brignole, fbanez and Munoz JjJ. 

3 From now on, we will only consider affine level one nonabelian gauge groups i.e. k = 1 (k — 5/3 for the abelian 
group U(1)y of the Standard Model). 
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superfield formulation as described in Appendix A. Quantum corrections involve the moduli fields 
T a . Of central importance at the perturbative level, are the diagonal modular transformations: 

„„ aT a — ib 



: ^ // . ! ad-bc=l, a,b,c,deZ, (2.7) 

that leaves the classical effective supergravity theory invariant. At the quantum level there is an 
anomaly @-[12] which is cancelled by a universal Green-Schwarz counterterm [12| and model- 
dependent string threshold corrections |7|, |8|. In order to present the contributions of these terms 
to the gaugino masses, we must be somewhat more explicit. 
We take the standard form: 

3 

K(S, T) = k(S + S) + K(T a ) = k(S + S)~Y, In (T a + f a ) , (2.8) 

a=l 

for the moduli dependence of the Kahler potential. We will assume for the simplicity of the 
expressions which follow that the Kahler metric for the matter fields has the form: 

K il = K i (Z n )8 ij + 0{\Z i \ 2 ). (2.9) 

Indeed a matter field which transforms as 

-» (icT a + d) n ?Z i (2.10) 



under the modular transformations (2.7) is said to have weight nf and has 

Kl = l[(T a + f a )<. (2.11) 

a 

The superpotential transforms as 

W -^WY[(icT a + d)~ 1 . (2.12) 

a 

2.1 Gaugino masses 

The tree level contribution to the masses of canonically normalized gaugino fields simply reads :[] 

M ( 0) = al F n dnU (2 13) 



4 From now on, we will suppress the brackets < ■ ■ ■ > indicating that all explicit expressions of soft terms are 
given in terms of vevs of fields. 
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The full one loop anomaly-induced contribution has been obtained recently 13, 14, |T^]. It is: 



9a (fi) 2 



1 



26° 

— 

3 8vr 2 



C a - £ C\ ) F n K n - — £ C* a F n d n In k 



(2.14) 



where C a , C* are the quadratic Casimir operators for the gauge group G a respectively in the adjoint 
representation and in the representation of Z l , b® is the one loop coefficient of the corresponding 
beta function: 



6" 



16vr 2 



3C„ 



(2.15) 



and the functions Ki(Z n ) have been defined in Q2.S| ). The first term is the one generally quoted 
|^. [|: — &afl'o m 3/2 using It is often obtained by a spurion field computation It is a 

finite contribution related to the superconformal anomaly, rather than a remnant of the ultraviolet 
divergences. The remaining terms have been obtained recently [14, |ll| using a general supersym- 
metric expression for the anomaly- induced terms [17] or Pauli-Villars regulators [pj. They reflect 
the Kahler conformal and chiral anomalies associated with ultraviolet divergences of the low energy 
effective field theory j|, 1C[. 

Other terms may appear in string models at one loop. The Green-Schwarz counterterm has the 
following form 

£ GS = J d A 6E L V GS , (2.16) 

in a linear multiplet formalism |l^, where L is a linear multiplet which includes the degrees of 
freedom of the dilaton and of the antisymmetric tensor present among the massless string modes. 
The real function Vqs reads: 

$GS 



= ^ e in ( t ° + n + Eft n ( T ° + f T f w\ 2 + o (<t> 4 ) 



(2.17) 



The group-independent factor Sqs is simply equal to —3Ce , where Ce = 30 is the Casimir 

8 8 

operator of the group E% in the adjoint representation, if there are no Wilson lines. Otherwise, it 
can be smaller in magnitude. In the rest of this section, we will neglect^ terms of order 4> 2 . 

String threshold corrections may be interpreted as one loop corrections to the gauge kinetic 
functions. They read: 



/(D = J_ y\ nv 2 (T c 
Ja 16vr 2 ^ ' V 



+ <7 a -E(l + 2<)q 



(2.18) 



3 See Ref. Jl3| for formulas taking into account the terms of order 
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where rj(T) is the classical Dedekind function: 



which transforms as 



n(T) 



V(T° 



-7TT/12 



-2nnT\ 



n=l 



(icT a + dy 1/2 7](T a 



(2.19) 



(2.20) 



under the modular transformation (j2.7|). We will also use in the following the Riemann zeta 
function: 

1 drj(T) 



C(T) 



(2.21) 



rj(T) dT 

Combining contributions from the Green-Schwarz counterterm and string threshold corrections 



with the light loop contribution (2.14) yields a total one loop contribution [13]: 



$GS 
16vr 2 



H -M + 

3 16vr 2 



8tt 2 



2C(t") + 



1 



t a + t c 



(2.22) 



The last term involves the value of the string coupling at unification. In models with dilaton 



stabilization through nonperturbative corrections to the Kahler potential |21, |22j, the value of the 
gauge coupling at the string scale (unification scale) M s is related to gl = —2K S by^| 

(s + s) 



g~ 2 {M s )=g- 2 (l + /( 5s 2 /2) 



(2.23) 



where the function / parameterizes nonperturbative string effects [23]. 
Let us note that the non-holomorphic Eisenstein function 

G 2 (T,f) = -27r(2C(T) + l/[r + f]) = -2irG 2 (T,f), (2.24) 

vanishes at the self-dual points T = 1 and T = e i7r / 6 . 

In the presence of the GS term ( 2.16| ), the scalar potential also receives some corrections. In 
particular 

K MN - *MN = K MN + yfl^GS, (2-25) 

in ( p.ip and ( |2.4j ). If p$ = 0, the effect of ( |2.25| ) is to multiply the vev of F a by the numerical 
factor 1 < 1 — 5 2 (5g5/487t 2 < 1.1 if g 2 = .5. Additional corrections are given in Appendix A; they 

= 2 < £ >. 



In the linear multiplet formulation JL9L 20 
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are unimportant if 5Gs(t a + i a )~ 1 \F a Ws/W\ /48tt 2 <C |M/3|: for example when supersymmetry- 
breaking is dilaton dominated or if the superpotential is independent of the dilaton. The domain 
of validity of this approximation is discussed in Appendix A. We neglect all these corrections in 
the subsequent sections of the text, except in Section 3.5 where pi ^ in ( 2.17|) is considered. 



2.2 A-terms 

A-terms are cubic terms in the scalar potential that generally arise when supersymmetry is broken: 
Va = \Y, A ljk e K/2 W ijk z l z :i z k + h.c. = ~ ]T A ijk e K / 2 (K i K j K k )-^W ijk z i z : 'z k + h.c, (2.26) 

ijk ijk 
_l 

where z l = n i 2 z l is a normalized scalar field, and Wij k = d^W{z N )/dz l dz^dz k . At tree level we 



ijk 

l(°) _ / 'vn* i / -K . 



have 

A Tj'k = { Fnd n H KlKj K k e- K /W ijk )) . (2.27) 

The one loop contributions to A-terms (and to scalar masses and B-terms discussed below) are 
considerably more sensitive to the details of Planck scale physics than the gaugino masses considered 
in the preceding subsection. The most straightforward way to regulate an effective theory is by 
introducing heavy fields - known as Pauli-Villars (PV) fields - with masses of the order of the 
effective cut-off, and couplings to light fields chosen so as to cancel quadratic divergences. The 
PV masses can be interpreted as parameterizing effects of the underlying theory. These masses 
are to some extent constrained by supersymmetry. These constraints are much more powerful in 
determining the loop-corrected gaugino masses than the other soft parameters, for the reasons that 
follow. 

All gauge-charged PV fields contribute to the vacuum polarization and to the gaugino masses. 
Their gauge-charge weighted masses are constrained by finiteness and supersymmetry to give the 
result in fl2.22|) . The superfield operator that corresponds to these terms is the same one that 
contains the field theory chiral and conformal anomalies under Kahler transformations of the type 



(2.7), and is therefore completely determined by the chiral anomaly which is unambiguous. Specif- 
ically, the conformal and chiral anomalies are the real and imaginary part of an F-term operator; 
the former is governed by the field dependence of the PV masses that act as an effective cut-off 
and are determined by supersymmetry from the latter ||. 

On the other hand, only a subset of charged PV fields Q A contribute to the renormalization 
of the Kahler potential, which determines the matter wave function renormalization and governs 
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the loop corrections to soft parameters in the scalar potential. Their PV masses are determined 
by the product of the inverse metrics of these fields and of fields T1 A to which they couple in the 
PV superpotential to generate Planck scale supersymmetric masses, as well as by a priori unknown 
holomorphic functions /ja(Z n ) of the light fields that appear in the PV superpotential. While the 
Kahler metrics of the & A are determined by finiteness requirements, the metrics of the T1 A are 
arbitrary. In operator language, the conformal anomaly associated with the renormalization of the 
Kahler potential is a D-term; it is supersymmetric by itself and there is no constraint, analogous to 
the conformal/chiral anomaly matching in the case of gauge field renormalization with an F-term 
anomaly, on the effective cut-offs - or PV masses - for this term. As a consequence the soft terms 
in the scalar potential cannot be determined precisely in the absence of a detailed theory of Planck 
scale physics. 

The leading order A-term Lagrangian was given in ; from the definition ( |2.26| ) we obtain for 
the one loop contribution: 



A 



(i) 

tjk 



1 _ 



7 iM + £7? W ) \n{\m t m a \/^ R ) + F n d n ln(\m l m a \ 

6 a 

m [Af m ln(Km m |//4) + F n d n ln(Km m |)' 
j) + (j^k), 



+£7] 

lm 

+ (t- 



(2.28) 



where , m a are the P V masses of the supermultiplets <3? 1 , $ a that regulate loop contributions of 
the light supermultiplets, respectively Z l ,W", and m, is the PV mass of a field in the gauge 
group representation conjugate to that of <I>* (and of Z l ) needed to complete the regularization of the 
gauge-dependent contribution to the one loop Kahler potential renormalization.]] The parameters 



7 determine the chiral multiplet wave function renormalization. In the supersymmetric gauge [24] 
the matter wave function renormalization matrix isH 



1 



32vr 2 



a kl 



(2.30) 



The matrix ( 2.30| ) is diagonal in the approximation in which generation mixing is neglected in the 
Yukawa couplings; in practice only the T C Q^H U Yukawa coupling is important. We have made this 



7 Assuming a PV mass term of the form [ia(Z n )& a TI a in the superpotential, we have explicitly: 

2 K, #n-1/ IIx-li |2 

m A = e [k a ) (k a ) \^a\ , 



(2.29) 



where re* and re5 are defined in ( |2.33| ) and (2.34). 

8 We define the 7-function following the conventions of Cheng and Li 
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approximation in ( p. 28 ), and set 



jk a 



32vr 2 



(KiKjKk) 1 \W ijk \ 2 . 



(2.31) 



We are interested here in string-derived models, in which case the moduli dependence of the 
function Wijk is fixed by modular invariance: 

W ijk = w ijk J] [ V (T a )f 1+n ? +n " +n ^ . (2.32) 

a 

Similarly, the quantum corrected theory should be perturbatively invariant under the modular 
transformation ( |2.7D . This can be achieved if the couplings of the relevant P V fields are modular 
invariant. For the fields $ l , <]? a , that contribute to the renormalization of the Kahler potential, 



we have |18], for typical orbifold models, 

K? = ^ = Y[(T a + f a r?, ¥: kf = K~\ Kt = g~ 2 e K = g- 2 e k Y[(T a + f a r 1 . 

a a 

(2.33) 

Setting for IP 4 = (IP, IT, IP), 

IP 4 : 4 = h A (S + S)Y[(T a + T a ) m A, (2.34) 

a 

the functions //a(-^") and therefore the PV masses are fixed up to a constant by modular covariance, 
and we obtain for the full A-term, using (2.28), 



A 



ijk 



1 _ 



1 



t a + t l 



+ 2an 



\ an i \ Iran 
2^ 7i Via + 2_^li Plr. 



+ fS §- s (e 7f Htl) + E 7i m In(pL)) 



E In [(t a + i a )\v(t a )\ A ] ( 2 E 7fpf a Mf + E 7f>f^ 



(0) 
ilm 



+2 E 7f ln(Af a //i|) + E 7i m 41 + cydic(tjfc), (2.35) 



with 



1 + 



5 + 



[1 + m^ + mf-nf), 



H i fi j e k (h i h j ) 2, fl 2 ai = HiH a e k/2 g a (h a h i ) 2, 



(2.36) 



S 



where ^ifJ-j, fJ-i/J> a are constants. The tree level A-terms and gaugino masses are given from (2.27) 
and ( 2.13 ), using ( p. 32 ), respectively by 



1 



t a + t c 



k s F k 



s2(m) 



-cUn^F* 



(2.37) 



For example, if the PV masses mi,m a ,rh % in ( [2.29 ) are constant (as well as /m)0 we have 
from 



(A) 



■1, 



1, 
0. 



(2.38) 



and thus pg- = pf a = 0, jlfj and /i^ constants. A commonly (though often implicitly) made 
assumption in the literature is instead that IP 4 has the same Kahler metric as & A : 



this gives fifj constant, fl 



r,2 



(B) 



9l Pfj 



rrii 



m„ 



1 + nf + nf, 



Pa 



-m 



(2.39) 



Distinguishing among the 



possibilities from the theoretical point of view requires string-loop calculations similar to those 
used to fix the moduli dependence of the gauge kinetic function Jj], ||. We note however that if 
supersymmetry breaking is moduli mediated ((F s ) = 0) with the moduli stabilized at self-dual 
points, as suggested by modular invariance, the tree level soft terms ( p.37 ) vanish, and the only 
one loop contribution is the standard "anomaly mediated" term 



/tanom 



-^-M{ li + lj + lk ) 



(2.40) 



Therefore if gaugino masses and/or A-terms are measured to be significantly larger than the 
"anomaly mediated" values (see also (2.22)], in the string context of assumed modular invari- 
ance this would quite generally suggest dilaton dominated supersymmetry breaking and/or moduli 
vev's far from the self-dual points. 

9 It was shown in Jia[ that the Kahler potential for the untwisted sector from orbifold compactification can be 
made modular invariant with the relevant masses constant. Since the tree level Kahler potential for the twisted sector 
is not known beyond quadratic order in twisted sector fields, the one loop corrections to it cannot be calculated. 
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2.3 B-terms 

B-terms are quadratic terms in z % and in z l that appear in the scalar potential after super symmetry 
breaking if there are such quadratic terms in the superpotential and/or Kahler potential: 



K(Z\ Z l ) = K i\ Zl \ 2 + ~ E [ a ii( zr \ Z n )Z l Zi + h.c] + 0(\Z 



(2.41) 
(2.42) 



These terms give rise to masses for the chiral supermultiplets Z l : 



C m = -^^e K / 2 (^V^ + h.c.)+e K |^|V|^f 



ij 



e ~K/2 f \ Mai . _ pnQ 



(2.43) 



The Lagrangian ( 2.43| ) is globally supersymmetric although the mass term arising from Ojj ap- 
pears [26] only after local supersymmetry breaking: m 3 / 2 ^ 0. The B-term potential takes the 
form 

V B = \ E + h.c. = B ij e K ^ 2 (K i K j )^ tMj z i z j + h.c. (2.44) 



At tree level we have 



1 .-A 



(2.45) 



The one loop contribution is easily extracted from the result for the leading order A-term Lagrangian 
given in [15]; we obtain 



-\liM + li [ 2M i° ] hi(|m i m a |//x|) + F n 3 n H\m ir n a \ 

a 

+ E^ [Af m \n(\ mi m m \/^)+F n d r M{\ mi m m \)] + (i^j). (2.46) 

Ira 

Using the assumptions and results of Section 2.2 we obtain for the full B-term in string-derived 
orbifold models 



B 



ij 



IbS> 1 

2 » 3 



1 



t a + t c 



E« + E^>L 



Irn 



+ FS §- S (E 7? ln(&) + E 7*™ MPL?) 
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- £ In [(f + P)|r/(m 4 ] ( 2 J] + £ 7^41 J 

a \ a ; m / 

-2 £ 7?M(°) ln(Af a / M |) + £ 7 ^4° m ln(AL/Ml) + < ~ J, (2-47) 



Zm 



with the various parameters defined in ( |2.36 ). Because we have assumed modular covariance for 



trilinear terms in the superpotentialj^ Eqs. ( 2.37f) assure that the one loop contribution to the 
B-term reduces to the anomaly mediated term 

B~ = -^M( ll + l3 ) (2.48) 

if supersymmetry breaking is moduli mediated {{F s ) = 0) with the moduli stabilized at self-dual 
points. 

However tree level B-terms may not vanish in this case; they are sensitive to the origin of the 
"^-term" (2.43). A modular invariant Kahler potential of the form ( 2.42j ) was constructed [27] for 



(2,2) orbifold compactifications of the heterotic string with both T-moduli and U-moduli. Here we 
restrict the moduli to T-moduli in which case modular invariance of the Kahler potential K(Z l , Z 1 ) 
requires 

a tJ (Z n , Z*) = a l3 (S, S) ]J(T a + [r,(T*)] 2k Z [ v * (T*)}^ , fcg = gg + nf + nf, (2.49) 

a 

and modular covariance of the superpotential ( ^.41 ) requires 



u i3 (Z n ) =n ij Y[[ V (T a )] 2 <i , w^ = l + nf + nf. (2.50) 

a 

Bilinear terms in matter fields do not appear in the tree level superpotential in superstring-derived 
models, but they can be generated from higher dimension terms when some fields acquire vev's. 
Bilinear terms in the Kahler potential could similarly be generated from higher dimension terms. 
These will be modular invariant if only modular invariant fields acquire vev 7 s. For example D- 
term induced breaking of an anomalous U(l) above the scale of supersymmetry breaking preserves 
modular invariance. On the other hand if VH u H d 7^ 0, it is of the order of the electroweak scale: 
it presumably originates from the vev (N) of an electroweak singlet field N and there is no reason 



10 In fact we need only assume this for the dominant T c Q-j,H u term; in making the approximation (2.31) we 
implicitly neglect the small Yukawa couplings that may themselves arise from higher dimension operators and/or 
loop corrections. 
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that modular invariance should still be operative at such low energy scales. In any case, the 
corresponding B-term is generated by an A-term in this instance. 

To consider the case in which the //-term is already present at the supersymmetry breaking 



scale, we can parameterize aij,Uij as in ( 2.4S| ) and ( |2.50|) , but with the exponents kfj , qfj , wfj left 



a priori arbitrary; the case of modular invariance is recovered when the last equalities in those 
equations are imposed. We also assume that Standard Model singlets N whose vev's may generate 
quadratic terms in the superpotential or Kahler potential do not contribute to supersymmetry- 
breaking: F N = 0. 

If the /i-term ( |2.43 ) is generated by a superpotential term ( 2.41| ), we obtain for the tree level 
B-term 



Bi 0) 



superpotential 



zH( i+n?+n ?)FTF +2C( * 



k s F s + -M. (2.51) 



The coefficients of the moduli auxiliary fields vanish at the moduli self-dual points when modular 
invariance ( 2.5CQ is imposed, but the B-term does not vanish: B^ ' = |M for F s = 0. Although 
it seems rather implausible that a hierarchically small value of vij < TeV would be generated at 
the supersymmetry breaking scale > 10 11 , it could conceivably arise as a product of vev's in a 
superpotential term of very high dimension [28]. 

A more natural origin for a //-term of the order of a TeV is a quadratic term in the Kahler 
potential as in fl2.42j ). The expression for B' D ' obtained from the general parameterization fl2.49|) is 
rather complicated and does not in general vanish when (^F S ^ = an d modular invariance (2.49) 
is imposed. As an example, consider the simplifying assumptions that aij(S,S) = constant and 



gg = (8W/dt c 



0, then for u 



(o) 



D 



Kahler potential 



t a + t 



(t a + i a ), 
+ 2((t a )k? j 



(k s + d s lnW)F- 



+ -M. 

3 



(2.52) 



In this case even the coefficients of the moduli auxiliary fields do not vanish at the moduli self-dual 



(0) 



■\M. 



points when modular invariance is imposed, and under the above conditions we get 
It is possible that a comparison of Bn u H d with A-terms might shed some light on the origin of the 
/i-term ( p. 43 ). 
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2.4 Scalar masses 



The expression "soft scalar masses" refers to mass terms in the scalar potential 

v M = J2 M i K i\ zi \ 2 = J2 M ?\* i \ 2 ' 



(2.53) 



(Mf } ) 2 = l -MM - F n F m d n drnln Ki . 



with no super symmetric counterpart in the chiral fermion Lagrangian. The tree level soft scalar 
masses are given by 

(2-54) 

Here and throughout the discussion of scalar masses, we drop terms proportional to the vacuum 
energy, Eq. (2.4). 

The one loop contribution [15| to soft masses is determined by the soft parameters of the PV 
sector. The A-terms of the PV sector and the masses of (ft 1 , (ft a , (ft 1 are determined by the soft 
parameters of the light field tree Lagrangian. Denoting by Na the soft mass of tt a , the one loop 
scalar masses can be written in the form 



(Mf>) 2 



(0K2 



+ £lf (N] + Nl + {Mf? + {M£>) 

jk 

Y,1i [3(Mj°)) 2 - {M^f + Mf (F m d ih + F n d n )\ ln(|- - 1 ' 2 



(0)n2 



£7 



jk 



]k 



(M (0) )2 + (M (0) )2 + (A (0) )2 + 1 A (0) { ^ drn + pndn 



rhim a \/n R ) 

]n(\mjm k \/fJ.R) 



+-(M + M) 



jk 



(2.55) 



For orbifold compactifications of string theory, with the Kahler metrics given in (2.11), we 
obtain for the tree level scalar masses 



(Mf } ) 2 = -MM + E F a F a nf(t a + i 



1 



-a\-2 



(2.56) 



Note that if (dW/dt) = 0, then F a = -\M(t a + t a ) and m/ 0) = in the no-scale case with 
Sa n f = ~~ 1> as f° r the untwisted sector of orbifold models. The soft masses Na are given by the 
standard formula fl2.54p by just replacing Kj by ka- The one loop contribution is then given by 



(M, 



(1) ^ 2 " \MM li -F s F~ s d s d- s \^lt^l + ^ll k ^)k 
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E F a F a (t a + t a r 2 1 E Tfrfi + E t/V?- 



+- (M + M) 



+ E^ C 



E^ 0) + ^E^ (0) 



2 / < ' i ~~ijk 
jk 



1 



t a + t c 



E TftfcMJ + \ E 7?*^?) + h - c - } 



+ {^| ^E7fM(°)ln(/ifj + iE7l^ln(^)j +h.c.J 

-5> [(* o, +f)i»7(oi*] (e« [^f) 2 - N 0) ) a 



+ E7f ) 2 + (M^) 2 + (A ( S) 2 



+ E7f[3(Mf) 2 -(^) 2 ] In(&/*&) 



+ E7f [(Mf) 2 + (Mf) 2 + (4 l) 



(2.57) 



3 Orbifold models 

Following we will consider models where the supersymmetry breaking arises through non- 
vanishing expectation values of the auxiliary fields F s , F a and M and we write: 

1 



F s = -^=MK Q l /2 sin ee'^ 3 , 
y/3 SS 



1 



^3 



MK a ^ /2 cos 9 G Q e- i7a , 



(3.1) 
(3.2) 



with J2 a @ 2 = 1- In the case where one considers a single common modulus T (the overall radius 
of compactification), (|3.2|) simply reads: 



1 



F 1 = —MKV 'cos 



V2. 



-277 1 



(3.3) 



Note that the vev of M is related to the gravitino mass through ( |2,3j ) and that these auxiliary fields 
automatically satisfy the constraint that the potential V in ( j2.4| ) vanishes at the ground state. 



14 



In contrast with Ref . jj]] , we have already included the effect of the Green-Schwarz term on the 
scalar potential at tree level and thus the auxiliary fields considered here include to a large extent 
the corresponding Green-Schwarz corrections. Additional corrections (see Q2.25 ) and following text) 
will be discussed in Appendix A. 



In the orbifold models that we consider, i.e. with gauge kinetic function ( |2.6D and Kahler 
potential given by ( |2.8| ) and (2.11), the tree level soft terms have simple expressions: 



Mf = -^-Mk~} 12 sinfle"* 75 
2y 3 

43 = ^{cos6Y,(t a +r)G%e a (n? + n« + n a k + l)e-^-^ 

V6 la kl ) 

B$ = ^= I ^= - [k 8 + ds In fHj] + cos ^ 9 a [« + nf + 1) - ft Q In ^ 



{M? ] ? = l + S^n^cos 2 ^ (3.4) 



The one loop contributions to Q3-4 ) are decidedly more cumbersome and the complete expressions 
are given in Appendix B. Below we consider the phenomenological implications of some specific 
cases in which the soft supersymmetry breaking terms are simpler. In all of the following G^ = 
(2£(T a ) + l/(T a + T°)), which is proportional to the Eisenstein function ( |2.24| ), 

3.1 Moduli domination at the self-dual point: the case for leading anomaly- 
induced contributions 

The analysis of the preceding sections indicates a very specific situation which turns out to give 
quasi-model independent contributions. It is the case of moduli mediated supersymmetry breaking 
(F s = or 6 = 0) where the moduli fields lie at a self dual point (t a = 1 or e i?r//6 , and thus G^ = 0). 
Assuming ([2.6|), we have vanishing tree level gaugino masses and A-terms and from ( 2.22 ), (|2.35|) 
and ( 2.48| ) we obtain: 



b° 

M a = 9a(^? jM, (3.5) 

Ai jk = -gM(7i + 7j + 7fc)- (3-6) 

Bij = -\~M{ li+lj ) (3.7) 
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Further assuming that = | (as in the case of a single modulus T, see Q3.3])), 7 a = and 
J2 a n ? = ~ 1 ( as i n the untwisted sector), we have vanishing tree level scalar masses and 



M? = -MM 
9 



a,a a,jk 



(3.8) 



For the choice (A) of PV weights (see ( p.38| )), one finds Mf = MMji/9 whereas for the choice (B) 
(see (gjgg)), one obtains Mf = 0. This shows very clearly how dependent the scalar masses are 
on the regularization scheme forced upon us by the underlying theory. Case (B) corresponds to 
what is usually referred to as the anomaly mediated scenario in which scalar mass-squareds arise 
at two loops but are negative for sleptons, thus implying an unacceptable phenomenology without 
further ad hoc assumptions. As discussed in Section 2.4, if the //-term ( |2.43 ) has a low energy origin 



through the vev of a standard model singlet in a superpotential term, we would expect that in this 
scenario the B-term would also be dominated by the anomaly mediated contribution ( |2.48| ). On 
the other hand if it arises from Planck-scale physics, we do not expect the tree level contribution 
to vanish. 

Let us note moreover that any departure from our hypothesis (i.e. a small value for F s or a 
departure from the self-dual point in moduli space) generates tree level values for the soft terms 
which tend to overcome the one loop anomaly-induced contributions considered here, as we will see 
in the next subsection. 

When ([T^) represents the leading contribution to scalar masses we can see from ( |2.31 ) that the 



positivity of scalar mass squared depends on the size of the Yukawa couplings (which themselves 
are a function of the value of tan (3 and of the scale Auv at which the soft terms are determined) 
and the values of the high-scale parameters pf a and pfj of ( 2.36|) . In the simple case of scenario 



(A) (|2.38| ) mentioned above, the sign of the scalar mass-squared depends on the sign of the anoma- 
lous dimensions. Keeping all third generation Yukawa couplings and taking the running masses of 
the third generation fermions at the Z-mass to be {mt,mb,m T } = {165,4.1, 1.78} GeV, we inves- 
tigated the range in tan f3 for which the scalar masses are positive for a GUT-inspired boundary 
scale of Auv = 2 x 10 16 GeV as well as an intermediate scale of Auv = 1 X 10 11 GeV. As can be 



seen from Table 3.1 the problem of tachyonic scalar masses for the matter fields is eased consider- 
ably in this scenario relative to the previously studied anomaly mediated scenario represented by 
case (B) (gjgp . 

Let us now investigate the pattern of soft terms as the parameters pf a and pfj are varied by 
assuming that pf a = pfj = p with p a constant. If the scale at which the soft terms emerge is 
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Scalar Mass 


A uv = l x 10 11 GeV 


A uv = 2 x 10 16 GeV 


Ml 


1.4 < tan/3 < 45 


1.7 < tan/3 < 44 


Ml 


1.8 < tan/3 < 48 


1.9 < tan/3 < 44 




1.3 < tan/3 < 42 


1.6 < tan/3 < 41 


Ml 


1.3 < tan/3 < 46 


1.6 < tan/3 < 44 


Ml 


1.3 < tan/3 < 39 


1.6 < tan/3 < 41 


Ml 


always negative 


3.6 < tan/3 < 33 


Ml 


1.3 < tan/3 < 33 


1.6 < tan/3 < 37 



Table 1: Regions of Positive Mass-Squared in the Anomaly Dominated Scenario. Range of tan/3 for 
which scalar mass-squareds are positive at the boundary scale Auv using the PV scenario (A). The value of tan/3 
was varied over the range for which the third generation Yukawa couplings remain perturbative up to the scale Auv- 
This corresponds to the range 1.3 < tan ,3 < 44 for A uv = 2 x 10 16 GeV and 1.6 < tan/3 < 48 for A uv = 1 X 10 11 
GeV. 

taken to be Atjv = 1 x 10 11 GeV then the spectrum of soft terms as a function of p is displayed in 
Figure [I]. In general gaugino masses are an order of magnitude smaller than scalar masses, except 
for values of p approaching the limiting case of p = 1 (which is equivalent to scenario (B) given 
by ( 2.39| )) where scalar masses go through zero. It is important to note that all of the possibilities 



of Figure [l] represent "anomaly mediated" scenarios. However, it is only the extreme case of p = 1 
that was studied previously in the particular model of Randall and Sundrum [Q]. 

One final aspect of these soft term patterns relevant to low energy phenomenology is the relative 
size of the scalar masses and A-terms. It is well known that for any generation of matter with non- 
negligible Yukawa couplings the relation 

\A ijk \ 2 < 3(M? + Mj + Ml), (3.9) 

evaluated at the scale of supersymmetry breaking, is a good indicator that the minimum of the 
scalar potential will yield proper electroweak symmetry breaking: when the bound is not satisfied 
it is typical to develop minima away from the electroweak symmetry breaking point in a direction 
in which one of the scalars masses of a field carrying electric or color charge becomes negative. 
Since the "anomaly mediated" A-term and the scalar mass squared both have a single loop factor 
of 1/167T 2 the condition ( |3.9| ) is generally satisfied. For example, in scenario (A) discussed above 

(Mf + M? + Ml) = m 3/2 A l]k , (3.10) 



17 



Figure 1: Soft Term Spectrum for Anomaly Dominated Scenario. Soft term magnitudes for third generation 
scalars, Higgs fields and gaugino masses are given as a function of universal PV parameter p as a fraction of gravitino 
mass m 3 / 2 . Scalar particles are generally much heavier than gauginos except for the limiting case of p — > 1. 



and since is loop-suppressed relative to the gravitino mass, as seen from ( |3.6| ), this scenario 
is phenomenologically acceptable. Scenario (B) with its vanishing scalar masses at one loop is 
problematic, however, and the two loop contributions are relevant to the determination of its 
viability. 



3.2 The O-II models 

This class of orbifold models discussed in [|J has matter fields in the untwisted sector with weights 
(nj, nf , nf ) = (—1, 0, 0) (0, —1, 0) or (0, 0, —1). Then, taking for simplicity the same common value 
T for the T a fields^], one obtains from ( |B.1[ ): 



M. 



tot 



cos0(i + t)G 2 



_5gs_ o 
16vr 2 ^ a 



+ 



sm ( 



26° 



kll 2 



(3.11) 

The above form suggests a closer investigation of the relative magnitude of the contributions to 
gaugino masses arising from the dilaton sector (proportional to sin#), the moduli sector (propor- 
tional to cos 9) and the anomaly-induced piece (independent of the Goldstino angle). As mentioned 
in the previous section, any tree level contribution (from the dilaton sector) will likely dominate 



L A11 the expressions given in this and the following sections will assume zero phases 7s = 7t = 
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the gaugino mass, particularly when the Green-Schwarz coefficient is smaller than —3Ce 8 - The 
anomaly-induced piece is typically quite small and will only be relevant in the case of moduli 
domination (sin (9 = 0) with moduli stabilized very near their self-dual points and/or very small 
Green-Schwarz coefficient. This behavior is demonstrated for the case of the U(l)y gaugino mass 
Mi in Figure § We have taken k = - ln(S + S) and set g 2 s = 1/2. 

In Figure || we look at the relative sizes of the three gaugino mass terms for the case of moduli 
domination {9 = 0) and a mixed case (9 = vr/3) for real moduli vacuum values (Re t) at a boundary 
scale of Auv = 2 x 10 16 GeV. Note that there is always a particular value of the moduli vev such 
that a nearly degenerate gaugino mass spectrum is recovered. As cos 9 — > this value gets ever 
larger as we approach the limiting case in which the gaugino masses are independent of the value 
of (Re t). At the GUT scale where g\ ~ g\ ~ 1/2 the difference in SU(2) and U(l) gaugino masses 
is given by 

M2-Mi«-^||7 l + cos0^1-|Re^ + 2V3sin0 j , (3.12) 

where we have used the fact that for Re t > 1, £(t) ~ — tv/12. For 9 = equation ( 0.12 ) indicates 
that Mi = M.2 at Re t ~ 6/tt while for 9 = ir/3 this occurs when Re t ~ 3.7. 

When 9^0 ( |3.12 ) implies that \M2\ > \M\\ (the gaugino masses in this regime are negative) 
whenever , _ 

2 y? tan (9 + sec 6> + lj . (3.13) 

In the case where 9 = so that there is no tree level contribution to gaugino masses we see from 
Figure ||that \M\\ > \M%\ in nearly all of the (Re t) parameter space. This relationship between the 
boundary values of the SU(2) and U(l) gaugino masses is crucial to the low energy phenomenology 
of the model in that it determines whether the lightest neutralino is predominantly bino-like, 
predominantly wino-like or a mixed state. Thus a lightest neutralino with a significant wino content 
need not necessarily imply that supersymmetry breaking is due to pure anomaly mediation. We will 
return to this point when we investigate sample spectra in the next section. 

The scale at which the soft masses emerge is particularly important: the largest contributions to 
gaugino masses generically arise from the tree level piece and the piece proportional to the Green- 
Schwarz coefficient 6qs- These terms cancel in ( |3.12D , however, when the difference is evaluated 
at the GUT scale. Thus the location of the crossover point is independent of the choice of #gs in 
Figure § 

An immediate consequence of the above is that measurement of the properties of the lightest 
neutralinos may reveal information on the nature of the scale of ultraviolet physics. In particular 
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the region of parameter space for which the lightest neutralino is predominantly wino-like becomes 
increasingly small as the scale of supersymmetry breaking is lowered. This is illustrated in Figure |] 
where we plot the ratio of gaugino masses M1/M2 for two different boundary scales: Auv = 2 x 10 16 
GeV and Auv = 1 X 10 11 GeV, for which g\ « (7/5)g± . As the gauge couplings run farther apart 
the shaded areas in which M1/M2 > 1 (and hence where a wino-like lightest neutralino is possible) 
grow steadily smaller. When <5qs = the ratio M1/M2 diminishes as the Goldstino angle 9 increases 
until M2 begins to approach its vanishing value and the ratio passes through a discontinuity before 
increasing rapidly as 9 —* it. When the Green-Schwarz coefficient 5qs is increased the location of 
this discontinuity, as indicated in Figure || by a heavy arrow, moves to smaller values of 9. 
The trilinear A-terms for these orbifold models are given by (| 



A tot 




Im 

(t + t)\ V (tt 



+ 



sim 



k 



1/2 



Ira 



in 



v a Im 



l m pim 



(3.14) 



where pi a = J2 a P? a an d Vim = J2aP? m - F° r scenario (A), as defined by fl2.38| ), this expression is 
particularly simple 



A tot = ^_ I sin 



1/2 



-| \ + cyclic (ijk). 



(3.15) 



It is worth noting that, with such a scenario for the PV metrics, this pattern for A-terms goes 
beyond the BIM O-II model. Any of the following conditions: (i) J2 a ( n ? + + + 1) = 
with identical vacuum values for all T-moduli (as in the BIM O-II model), (ii) cos# = (dilaton 
domination) or (hi) = (moduli stabilized at self-dual point), yields the A-terms given by ( |3.15[ ) 
above. 



By contrast, for scenario (B) defined by ( p.39| ) the A-terms take the form 
M 1 -., 



\ tot 



sin ( 



-ln[((+J)W()|*] (l>«7?-£*.t 

\ o Im 



Im 



+ E^7, a (ln(^)-1) 



+ cyclic (ijk). 



(3.16) 



This scenario also allows for the recovery of an "anomaly mediated-like" result of A-terms propor- 



tional to anomalous dimensions in the moduli dominated limit (sin# = 0). Expression ( 3.16 ) differs 
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from the situation in Section 3.1 in that for moduli domination this scenario can accommodate 
proper electroweak symmetry breaking provided the moduli are stabilized away from their self-dual 
points: in particular, using the fact that for Re t > 1, ~ —n/12 we have ((t + t)G%) ~ —1 for 
(t) « 6/vr ps 2 leading to A ps from (fl^) . 

The expressions for the bilinear B-terms are similar, but with added model dependence at the 
tree level involving the origin of bilinear terms in the Kahler potential or superpotential. For the 
case of scenario (A) the general form given in (B^) yields 
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M sin (9 
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+— cos( 
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-k s - d s ln mj + E 



,,o / 9a 



7i 



M (\ 



+ y r 7 - 



+ (»<-► j)» 



(3.17) 



while for case (B) the corresponding expression is 



B 



tot 



M sinO 



M (\ 



fc s -5 s ln^ + ^ 7 ^(ln(^)_l)-l n ( t + ~ t )\ v (t)\* I f E tffl2 " E ^ 
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+ y r 7i + i cos 



1-E$« m/^-2(t + t)G 2 7i 



(3.18) 



Finally, the scalar masses in the BIM O-II model are found from equation flB.q ) of Appendix B. 
Under the assumptions of scenario (A) this reduces to 



tot\2 



1 



1 sin/ 



9 " fc V2 3VS 



1 



+2E7f ln(A 2 



j A.- 1 



]k 



+ 



sin 



1 x-^ i ». /-2 - 1 



+ 



sin 



E fl^f M/t) - J E 7f + 2fc«) ln(£? 



1^ 



jk 



and for scenario (B) the scalar masses are given by 
1 sin# 
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+ ln 



(3 



The pattern of soft super symmetry breaking terms that arise in this orbifold model with uni- 
form modular weights rtj = — 1 and with the same Kahler metric for the Tl A and the & A , as in 
scenario ( EOSD , will prod uce a low energy phenomenology very similar to that of the recently pro- 
posed "gaugino mediation" scenario |^] if the Green-Schwarz coefficient is sufficiently large, the 
supersymmetry breaking is moduli dominated and the moduli are stabilized at (Re t) ~ 2. Such a 
situation gives rise to exactly vanishing scalar masses and nearly vanishing A-terms and the gaugino 
masses in such a regime are very nearly universal, as can be seen from the lower panels of Figure || 
However, as the Green-Schwarz coefficient is reduced the gaugino masses become negligible at the 
point (Re t) ~ 2, eventually coming into conflict with direct search results at LEP and the Teva- 
tron. Specific spectra for the O-II model will be presented with spectra for orbifold models with 
large threshold corrections, to which we now turn. 

3.3 The O-I models 



Models of this type were proposed with the goal of obtaining coupling constant unification at 
the string scale, as opposed to the extrapolated unification scale of Aqtjt ~ 2 x 10 16 GeV which 
is typically a factor of twenty or so lower than the string scale. This is achieved through large 
string threshold corrections and the requirement of both particular sets of modular weights for the 
massless fields and relatively large values of (Re t) far from the self-dual points. Other solutions 
to this discrepancy of scales have been proposed since but because the O-I models have often been 
discussed in the literature we include them in the present discussion. 

To investigate the phenomenological consequences of such models we will assume a common 
vacuum value for all three moduli and take Q = l/y/S as before. We shall investigate two scenarios: 
(A) the original "O-I" scenario of Brignole et al. Q with modular weights uq = rip = — 1, ny = —2, 
n-L = n E = —3, nn d ,riH u = —4 and (B) a Z% x Zq compactification studied by Love and Stadler [31] 
with modular weights tiq = tid = 0, nu = —2, til = —4, tie = — 1, nn d = nn u = — 1. In what 
follows let us assume that the soft terms emerge at a scale for which logarithms such as ln(/i? ) and 
ln(/i| fc ) are negligible and assume PV case (A) for simplicity. In this approximation the general 
expressions of Appendix B take a simplified form. The gaugino masses, given by 



M, 
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are displayed in Figure |5| with the value 9 = (where the impact of the differing modular weights 



is the greatest) for three models: the BIM O-II case of Section 3.2, the original BIM O-I case and 
the Love & Stadler case. The boundary scale is taken to be Auv = 2 x 10 16 GeVj^] It is clear from 
Figure || that the modular weights of the matter fields play a crucial role in determining the gaugino 
mass spectrum provided the Green-Schwarz coefficient is sufficiently small. As this parameter is 



increased it will quickly come to dominate the other terms in (3.21). 

However, looking at the tree level expressions for the scalar masses ( |3.4p it is apparent that 
when cos 9 = 1 any field with a modular weight such that n - L < —1 will have a negative tree level 
scalar mass-squared, as was noted in |TJ. Thus, to accommodate these large threshold models 
proper electroweak symmetry breaking (i.e. positive scalar mass-squareds) will generally require 



a Goldstino angle such that sin# is large and the tree level terms in (3.21) are dominant. Models 



with a viable low energy vacuum will therefore be models for which the impact of the matter fields' 
modular weights on the gaugino spectrum is considerably muted. This is displayed in Figure || 
where gaugino masses in the BIM O-I model and the Love &: Stadler model are displayed for 
9 = 7r/3 and Sqs = 0. We see that in these realistic cases the differences in gaugino mass spectra 
between these models is small, making them hard to distinguish experimentally. 
The trilinear A-terms for scenario (A) are 

, tM M [ cos 9 , _. „ . , sin 9 k s | , . , , 

A ifk = Y\ fi + + t)G ^ Ui + Hj + Uk + 3) " Tjf^j + c y clic (y k )' ( 3 - 22 ) 

and the scalar masses are determined from 

{M\ ot ) 2 = \{l + li ) + cos9{t + t)G 2 Y J l?( n i+ n i+ n k + ?>)+niCos 2 9 

9 { jk 



+ 



f E H A - \ E it (ks + h)) ) , (3.23) 

k ss \ a jk J J 



With these expressions we are now in a position to compare the typical spectra of these O-I large 



threshold models with the models of Section 3.1 and Section 



Though these models are designed to allow for unification of gauge couplings at the string scale A str ~ 5 x 10 
GeV, we will investigate the pattern of soft supersymmetry-breaking terms at the GUT scale to allow for comparison 
with other models. 
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In Tables 2 and 3 we give some representative sample spectra for Pauli-Villars scenario (A) 
denned by (2.38) and tan/3 = 3 and tan/3 = 10, respectively. The spectra for scenario (B) are very 
similar and these values vary only minimally when Atjv" is varied. To obtain these spectra at the 
electroweak scale the renormalization group equations (RGEs) were run from the boundary scale 
to the electroweak scale. All gauge and Yukawa couplings as well as gaugino masses and A-terms 
were run with one loop RGEs while scalar masses were run at two loops to capture the possible 
effects of heavy scalars on the evolution of third generation squarks and sleptons. We chose to keep 
only the top, bottom and tau Yukawas and the corresponding A-terms. The gravitino mass has 
been scaled in each case to obtain a Higgs mass of 114 GeV, which can be considered either as a 
limiting case or as an experimental requirement, depending on what happens next at LEP. 

At the electroweak scale the one loop corrected effective potential Vi_i oop = Vtree + AVJ-ad is 
computed and the effective ^i-term /2 is calculated 



m H d + S m H d ) - (™L + 6m H u ) tan i 



.-2 _ V n d n dJ V n u n u j ± 2 

" tan 2 - 1 2 Mz - (3 - 24) 

In equation ( 3.24] ) the quantities SrriH u and 5mH d are the second derivatives of the radiative cor- 
rections Ay ra d with respect to the up-type and down-type Higgs scalar fields, respectively. These 
corrections include the effects of all third generation particles. If the right hand side of equa- 
tion ( |3.24| ) is positive then there exists some initial value of \i at the condensation scale which 
results in correct electroweak symmetry breaking with Mz = 91.187 GeV.P| 

Note that the gravitino mass varies greatly over the models considered in Tables 2 and 3. For 
the anomaly case (which is equivalent to the BIM O-II model with sva.0 = and (Re t) = 1) there 
is a large hierarchy between scalars and gauginos, as noted in Section 3.1, which necessitates a large 
value of the gravitino mass to yield neutralinos with masses near the current LEP limits. Having 
normalized our scales to yield Higgs masses of 114 GeV we find chargino masses (for PV scenario 
(A) and thus p = in Figure [j]) below the recently reported bounds of m x ± > 86.1 GeV for the case 
of a chargino which is nearly degenerate with a wino-like lightest neutralino p2| . As the PV scenario 
assumed is modified, however, this relation between the chargino mass and Higgs mass varies. In 
particular as the value of p approaches larger, positive values the gauginos steadily become heavier 
for a fixed Higgs mass, eventually satisfying the experimental constraints. For the large threshold 
models, by contrast, the large values of (Re t) necessary to ensure gauge coupling unification at 

13 Note that for these tables we do not try to specify the origin of this /^-term (nor its associated B-term) and 
merely leave them as free parameters in the theory - ultimately determined by the requirement that the Z-boson 
receive the correct mass. 
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the string scale make the gauginos typically heavier than the gravitino at the boundary scale Auv> 
due to the large value of (t + t)G2, and have a smaller degree of hierarchy between gauginos and 
scalar s. 

The O-II models can interpolate between these two extremes. When = and 5qs = 
the pattern of physical masses shows the anomaly mediated feature of a wino-like LSP. As the 
value of (Re t) increases from (Re t) = 1 (the pure anomaly mediated case) it first passes through 
the experimentally excluded values where (Re t) ~ 6 /it and the gaugino masses are nearly zero. 
Thereafter the hierarchy between gauginos and scalars steadily decreases until the spectra of masses 
is very similar to that of the more typical supergravity spectra to the right of Table 2. However, as 
mentioned at the end of the previous section the feature of a wino-like LSP persists. Once 0/0 
and/or 5qs / the pattern of soft terms immediately becomes relatively insensitive to the value 
of (Re t) and the LSP once again becomes predominantly bino-like. 

The models with large threshold corrections also tend to have very light staus. In fact, as the 
value of tan/? increases the stau mass mf R eventually becomes negative. The limiting value of 
tan /3 for which these models are phenomenologically viable depends slightly on the value of 5qs ■ 
for 9 = it/3 the model of Love &; Stadler requires tan/3 < 9.1 when 5qs = —90 and tan/3 < 4.8 
when 5qs = 0, while the original BIM O-I model requires tan/3 < 3.1 when Sqs = — 90 and is not 
allowed at all for 5qs = 0. This is reflected in the empty columns in Table 3. This problem is 
slightly ameliorated when the Goldstino angle is increased. For = 2n/5, for example, the model 
of Love & Stadler requires tan/3 < 12.7 when Sqs = —90 and tan/? < 9.6 when 5qs = 0, while the 
original BIM O-I model requires tan/? < 4.9 when 5qs = —90 and tan/3 < 2.1 when <5qs = 0. 

The pattern of masses exhibited in Tables 2 and 3 suggests that the hierarchy between gauginos 
and scalars in any potential observation of supersymmetry will be a key to understanding the 
nature of the underlying physics giving rise to supersymmetry breaking. The observation of a 
lightest neutralino with significant wino content will not be enough to distinguish between the 
pure anomaly mediated cases and the BIM O-II type models but will indicate that supersymmetry 
breaking is moduli dominated within this class of models. The presence of a large hierarchy between 
scalars and gauginos and large mixing in the stop sector will point towards moduli stabilized at or 
near their self-dual values, while the absence of such effects would suggest the moduli are stabilized 
far from these values. 
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3.4 The BGW model 



In this section we give the soft supersymmetry breaking parameters for the model of Ref. [23], 
with an explicit mechanism for supersymmetry breaking through gaugino condensation in a hidden 
sector, and dilaton stabilization by nonperturbative string effects. An effective Lagrangian below 
the scale fj, c of hidden gaugino condensation is constructed [|ll], 20 1 by replacing the linear multiplet 



L in ( 2.16D by a vector multiplet V whose components includes those of L and of a chiral multiplet U 



and its conjugate U. The superfield U satisfies the same equations as the composite chiral superfield 
U = W a W a constructed from the Yang-Mills superfield strength, and is interpreted as the lightest 
chiral superfield bound state of the effective theory below the condensation scale fi c = \u\a , where 
u = U\ is the scalar component of the chiral supermultiplet U. An effective potential for the 
gaugino condensates U, as well as matter condensates II that are present if there is elementary 
matter charged under the confined gauge group, is constructed by field theory anomaly matching. 
Once the massive (m > fi c ) composite degrees of freedom are integrated out, this generates a 
potential for the dilaton and moduli. 

The gaugino masses were given in [13]. In the notation adopted here they take the formj^] 



M a = ^^-F s + M«, (3.25) 
where Ma is given in (|2.22|). The A-terms, squared soft scalar masses and B-terms are given by 



(ET3E| ), (^5&D - (^57|) and ( g!47|) respectively, with (see Appendix A) 



M = ~b\ u = -3m 3/2 , F s = --K s l{l + ^b° + ju, K s = --g 2 s , (3.26) 

where gl is defined in ( |2.23| ) and b°^_ is the beta function coefficient, Eq. ( |2,15| ), of the condensing 
gauge group The model of Ref. |23| is explicitly modular invariant, so the moduli are stabi- 

lized at their self-dual points with {F a ) = 0, and supersymmetry breaking is dilaton dominated. 



Then ||] 



,2 



Ag = fF s , M^ = 1 -\M\ = \m 3/2 \. (3.27) 



14 As in the above subsections we set pt — in (2.17); modifications that occur when p; 7^ are discussed in the 
following subsection. 

15 lf there are several condensing gauge groups, the one with the largest value of 6„ dominates supersymmetry- 
breaking. 
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Vanishing of the vacuum energy (2.4) now requires 

F s 



K sS \F s \ 2 = -\M 2 \, K~l = (2 ^+ )2 n , 



M 



2b° 

(3.28) 



3(1 + ^°+)' 



If b\ <C 1 the tree level A-terms and gaugino masses are suppressed relative to the the gravitino 
mass, whereas the scalar masses and B-terms, ~ — m^j 2 , are not. Therefore one loop correc- 



tions can be neglected for the latter, but may be important for the former. It is clear from (2.22) 
and ( 2.35| ) that the dominant one loop corrections in this case are just the "anomaly mediated" 
terms found in [||, [| : 

M a » Mf + ga (/i 2 )f M = ga (/x 2 )m 3/2 ( h } - 

Aijk ~ ~ ( 7 , + 7j - + 7fc ) = m 3/2 ^ - ^i^o + H + 7j + 7fc) • (3-29) 

This model was analyzed in detail in [PQ] . Over most of the allowed parameter space, .1 > b+ 
b a , the tree contributions dominate. However there is a small region of parameter space with 
a sufficiently small value of b+ that the gaugino masses and A-terms are similar to those in an 
"anomaly mediated" scenario . 

Using the expressions in Appendix B, together with ( 3.26| ) and ( 3,2§| ) the pattern of soft su- 



persymmetry breaking terms can be obtained as a function of the condensing group beta function 
coefficient b+ and the modular weig hts of the fields with (Re t) = 1 or (Re t) = e i7r/6 and sin# = 1. 
The condensation scale in these models is typically of the order of 1 x 10 14 GeV and we take this to 
be the boundary condition scale Atjv in what follows. In Figure [?] the gaugino masses are displayed 
as a function b+ as a fraction of the gravitino mass. In it was shown that for weak coupling 
at the string scale (g 2 ~ 1/2) a reasonable scale of supersymmetry breaking (i.e. gravitino masses 
less than 10 TeV) generally requires < 0.085. The region with gravitino mass larger than 10 
TeV is shaded in Figure |?|. Also indicated in Figure [7| is a benchmark scenario consisting of an Eq 
gaugino condensate in the hidden sector together with 9 27s of matter and having a beta function 
coefficient of b% = 0.038. 

The spectrum of gaugino masses will typically be similar to that of the "anomaly-mediated" 
cases with Mi > M 2 and a lightest neutralino with substantial wino-like content provided 69 < 0.19. 
The location of the approximate unification of gaugino masses near this value of b° + is expanded in 
the right panel of Figure 
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In Figure || we plot the relative sizes of all third generation scalar masses and A-terms, Higgs 
masses and gaugino masses as a fraction of the gravitino mass for tan/3 = 3, assuming rii = — 1 
for all fields. As was the case in Sections jO] - |3.3| , the gauginos are typically an order of magnitude 
smaller than scalars (note the change in vertical scale in Figure ||). Despite this hierarchy, this 
model was shown in |3(| to give rise to acceptable low energy phenomenology provided tan/3 was 
in the low to moderate range. Figure || displays an important feature of the always-present one 
loop contributions arising from the conformal anomaly: when tree level scalar masses are present 
and universal the non-universality arising from the anomaly pieces is negligible (here averaging less 
than a 1% correction). However, the corrections to the gaugino masses may significantly alter the 
gaugino spectrum provided the tree level contributions are absent or suppressed, as in the BGW 
model considered here. Neglecting these one loop anomaly-induced contributions to soft terms is 
an approximation whose validity needs to be assessed on a model-by-model basis. 



3.5 Matter couplings to the Green-Schwarz term 



So far we have assumed the Green-Schwarz function Vqs depends only on the moduli, that is, 
we set pi = in ( |2.17 ). Only the moduli couplings in this term are known from string loop 
calculations [@, ||] and they are proportional to the Kahler potential for the moduli. It is possible 
that the GS function is proportional to the full Kalher potential, in which case Pi = p = — (5g5/247t 2 , 
or that it is proportional to the untwisted Kahler potential, i. e. to the logarithm of the determinant 
of the metric in the six dimensional compact space. In this last case we would have Pi = p for 
untwisted matter and pi = for twisted matter. The presence of these terms modifies the soft 
parameters if F s / 0. 

One effect of pi ^ is a modification 33] of the "effective" matter Kahler potential 



1 

1 + -ZdsPi 



(3.30) 



The potential can still be written in the form given in (A. 8) of the appendix with the replacement 
K-nn = K-NN+h9s(VGs)NN- However the effective metric is not Kahler in this formulation. 



K 



NN 



In addition F N does not take the usual form ([2.1Q: F 



N 



which 



reduces to (2.1) when W is holomorphic. This is not the case in the linear multiplet formulation for 
the dilaton that we are using here because of the way the GS term enters in the dilaton potential, 
as described in Appendix A. For these reasons Eqs. ( 2.27| ), ( 2.54| ) and (2.45) do not generally apply 
if F 7^ 0; the pj-terms in these parameters depend on the specifics of the model for generating a 
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potential for the dilaton. The PV metrics ( |2,33| ) are similarly modified: 



1 + ) K 



1 + -j9sV; 



-1 



(3.31) 



as are the soft parameters in the PV potential. These give additional one loop contributions, which 
can be important for gaugino masses which have no tree level contribution from pi ^ 0. 

Here we give the results only for the explicit dilaton dominated supersymmetrybreaking model 
of the previous subsection: 



AA 



ijk 



AA 



(0) 



ABi 



AM n 



AB} 



(o) 



Pi (3 + ffX) 

2b\ (l + \g sV , 
Pi (3 + g 2 s b° + ) 



m 3/2 + j) + (j -> k), 



2b% (l + I 



9sPi 



m 3/2 + (« -> j), 



AM^ = mj:^^rn 3/2 . 



8tt 2 



263.(1 + ^ 



(3.32) 



Note that in this special case the above results can in fact be obtained from the general formulae 
(HH ), and (|2~45|) : 

Pi 



(0) 
(0) 



-F S K 



ss 



1 + I&ift 



+ (t-»j') + 0'-»*). 



A£ 



AM„ (1) 



F s Kc 



v ss, ; i 
1 + 3#sPi 



i 1 2 ' 



since it follows from (3.30) that 

F n d n ln Ki 

where we used the relation 



F n d n ]nKi-F s K S s 



Pi 



1 + hsPi 



dg 1 = 2 d£_ 
ds dx 



-K 



ss > 



(3.33) 



(3.34) 



(3.35) 



given in Appendix A. However ( |2.54| ) does not apply even in this case; the tree level scalar masses 
in this model have been given in [p3f|: 



AG 



(0), 



1 



3 Pi - 26° 



(3.36) 
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The results (pTp ) then follow from ( |3T28[ ). We see a considerable enhancement of all these param- 
eters if pi = p » b\. Under the assumption that —5gs takes its maximum value of 90, the only 
viable scenario with some p%= p found in [30] is for pn u d = and Pi = p for all three generations 
of squarks and sleptons. 



4 Conclusion 

To conclude, let us first stress that even though we have been studying specific classes of superstring 
models, the types of spectra that we obtained and discussed appear to be quite generic. For example, 
scenarios from models with extra dimensions tend to give spectra which can be related to one or 
another type considered here, whether it is the model of Randall and Sundrum 0], or models of 
gaugino mediation [pS[|. 

In particular, soft terms that are proportional to beta function coefficients and anomalous 
dimensions can be realized in a variety of ways in string-derived supergravity. The case that is 
generally referred to as "anomaly mediation" is just one limiting value in a continuum of such 
models. The importance of these anomaly-induced terms depends on the absence or suppression 
of tree level contributions to the soft supersymmetry breaking parameters and on the assumptions 
made regarding the underlying theory when regulating the effective supergravity theory. 

Once supersymmetry is discovered, the central issue will be to unravel the mechanism of super- 
symmetry breaking. The search strategy will be of the most value if it is based on large classes of 
different models, not just on a single "minimal" model. The models studied above tend to show 
that a possible strategy could be based on three steps: 

(i) identifying gaugino masses (the least model dependent aspect of these theories) and the 
nature of the LSP, 

(ii) identifying where (approximately) the bulk of the scalar masses lie and whether there is an 
order of magnitude between gaugino and scalar masses, 

(iii) then using the detail of the scalar masses, in particular the mixing in the stop sector and 
the degree of non-universality, to disentangle the possible scenarios. 

Observation of non-universal supersymmetric parameters obeying the relations described in 
Sections jO] - |3.4| will likely shed light on the scale of supersymmetry breaking, the nature of the fields 
responsible for this breaking and the origin of the /i-term, if not the properties of the underlying 
superstring theory itself. 
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Appendix 

A. The linear multiplet formalism for the dilaton 

In this paper we have presented the soft supersymmetry breaking parameters in terms of the various 
auxiliary fields of supergravity. In order to adhere as closely as possible to the notation of Q , we 
used expressions of the form obtained in the standard chiral formulation of supergravity. In the 
context of string theory, the dilaton I appears as the scalar component of a linear multiplet L. The 
chiral multiplet formulation can be recovered by a duality transformation, at least at the classical 
level. However the linear multiplet formulation provides a simpler implementation of the Green- 
Schwarz anomaly cancellation mechanism and a better framework for constructing an effective 
Lagrangian for gaugino condensation. The effective theory of |23j made explicit use of the linear 
multiplet formalism. In this appendix we show the correspondence between various terms in the 
component Lagrangian of the linear formalism and of the expressions given in the text. We also 
show how explicit cancellations among the light loop (anomaly) contribution, the GS term and 
the string threshold corrections result in the final expression (|]2|) for the one loop gaugino mass. 



These cancellations are most readily displayed in the linear multiplet formalism. Finally, we will 
display corrections to the soft parameters in the scalar potential that are present if the dilaton and 
moduli sectors both contribute substantially to supersymmetry breaking. 

In the presence of a (nonperturbatively induced) potential for the dilaton, the tree level scalar 
Lagrangian takes the form (dropping gauge charged matter) 

Scalar = ~T - 9 - -^d^d m i - -^-d m ad m a - V, (A.l) 

^ + t a ) 2 U k'{€) y ' 



31 



where the axion a is related to the two-form b mn of the linear multiplet by a duality transformation: 

1 2/ 

~e m ™d n b pq = -^ m a. (A.2) 
The potential V can be written in the form 

V = Y- -^F a F a + -ryrrrF 2 — — MM, 

^ (t a + t a ) 2 k'(£) 3 

F = ^-f{i,t«,z% (A.3) 

where f{£, t a , z 1 ) is a complex but nonholomorphic function of the scalar fields. For example in the 
model of @, 

f(£, t a , z l ) = - £(1 + £b a )u a « -(1 + £b+)u+, (A.4) 

a 

where u a (£,t a , z l ) is the value of the gaugino condensate for a hidden gauge group Q a with beta 
function coefficient b a = (C a - \ Ei Q) /8vr 2 = 26^/3; the function (Q is dominated by the 
condensate u+ with the largest beta function coefficient 6+. 

To cast this result in a form resembling the standard chiral formulation we introduce the variable 
x{£) = 2g~ 2 (M s ), which is twice the inverse squared gauge couplng ( |2,23|) . It is related to the dilaton 
Kahler potential k by the differential equation [|| 

k'(£) = -£x'(£), d£ = —^-dx, (A.5) 



giving 



dkjx) _ k ,,^d£_ _ _ £ d 2 k{x) _ _d£_ _ £ 
dx dx dx 2 dx k'{£) : 

^d m £d™£ = -J^dmxd-x = \^±d m xd™x. (A.6) 



Then setting 



x = s + s, a = Ims, (A. 7) 

(A.l) and (A.3) take the standard form (including gauge-charged chiral matter) 

Scalar = " £ K m (d m Z N d™Z* + F N F N ) + X -MM , 
N 6 

K = fc(s + s) + i^ a )+£ Ki |^| 2 , (A.8) 
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provided we identify F = F s and K s § = tjk'it). When the fermion part of the Lagrangian is 
included, one obtains for the gaugino masses 



9l 



(AS 



in agreement with ( 2.13] ) with f a = s and F = F s . 

The replacements (A. 7) amount to a duality transformation to the chiral formulation for the 
dilaton. When the GS term is included, after a two- form/scalar duality transformation, Eqs. 
( A.ip — ( |A.8|) are modified by the replacements 



d m a 



d m a + 



E 

a 

W24tt 2 . 



d m lmt c 
2^ Ret" 

2 



(* Q + t C 



(1 + M) (t a + t C 



We may make a full superfield duality transformation by the additional replacements 
x = s + s = S + ~s + bY,Ht a + t a ), Hs + s) -> k[s + ~s-bK(t a )}, 



(A.10) 



(A.11) 



where s is the complex scalar component (Ims = a) of the dilaton chiral superfield. This introduces 
mixing of the moduli [and of matter fields if pi ^ in ( |2.17 )] with the dilaton in the Kahler metric Q. 
Working in the linear multiplet formalism for the dilaton, there is no mixing of the dilaton with 
chiral fields ;0 in this case ( |A.1| ) and ( |A.3[) are modified only by ( |A.10| ). With this modification 



(A. 3) is completely general; it includes the effects of the GS term on the potential for t and t in 
the presence of a source of supersymmetry breaking such as gaugino condensation. In fact the GS 
term coupling to the confined hidden gauge sector, as in the model of Section |3.4| , must be included 
to make the effective supersymmetrybreaking "tree" Lagrangian perturbatively modular invariant. 

However it is inconsistent to include the GS term coupling to the unconfined (observable) gauge 
sector without the corrections from the observable sector loops. Here we illustrate the modular 
anomaly cancellation among the contributions to the gaugino masses. In orbifold models the light 
loop contribution ( 2.1<f ) takes the form 



Mi 1 ' I 



2 \ 3 8vr 2 



3(t a + t c 



b 2- «z2E c i( 1 + 3n < 



S7T 



(A.12) 



^See for example the discussion of Eq. (4.20) in Q. 
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The contribution of the GS term ( 2.16| ) is 



GS 



E^ Q 



3(t a + t a ) 16tt 2 ' 



(A.13) 



and the string threshold corrections ( 2.17 ) give a contribution 



M«| th = 4^E^ a ^ a ) 



IQtt 2 a 8tt 2 



2 V 3 

These combine to give the total contribution ( 2,22j ) with the substitutions 
with the moduli t a appearing only through the modular invariant expressions 



(A.14) 



F c 



(t a + t a )~ l + 2((t c 



In the linear multiplet formulation for the dilaton, the tree level scalar potential takes the form 



1 



V tree = E KnnF n F N — -MM 



N 



M 



-3e R / 2 w, F N = -w- l e- K l 2 K N *d R (e K ww) , 



(A.15) 



where the effective metric K^x is defined in ( 2.25| ), and K s § = K s § = £/k'{£). ( A.15| ) reduces to 
the standard form if w is holomorphic. If a duality transformation to the chiral formulation for the 
dilaton is always possible ]l9| in the effective theory below the supersymmetrybreaking scale, we 
must have 



w = w(s,t a ,z l ), s = | + ia, s = s + -V G s- 



For example, in the BGW model we havef 7 ] 

w = W{t a ,z i ) + v(s,t a ), v- 



e- K /* b -± u , u = ce K / 2 e- s / b +Y[r,(t a ) 2{b - b+)/b+ , 



(A.16) 



(A.17) 



The full potential for the BGW model is given in (15) of |B4|. The full expression for the field dependence of the 
condensate u with z' = is given in the second reference of [)23|, and reduces to (A.17) with the identification of the 
axion as a = — b+uo in the notation of that paper. 
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where c is a constant. In this case we have 

1 



w S d„V GS , w § = 0, F s = -e K ' 2 K ss [w § + K s w] 



?N 



NN 



Wfj + K R w + - (d N V G s ) d s In w 



(A.18) 



Inserting these expressions in the potential ( |A.15 ) we obtain the following expressions for the soft 
supersymmetry-breaking terms at tree level: 

b 



rjtrcc 



a tree 



superpotential 



A 



(o) 

ijk 



2(t a + t c 



(F a d s lnw + h.c), 



jjtrce 



Kahler potential 



B (0) 

B 



1-3 
(0) 



superpotential 2(t a + t a 

b 



Kiihler potential 2(t a + t a ) 



(F a d s lnw + h.c.) , 



F a d s lnw, 



(A.19) 



where the expressions with index are the tree level expressions given in the text with W(Z N ) 
w(Z N ,V GS ) and 



F c 



(A.20) 



2(t a + t c 

The scalar masses depend on the curvature of the effective scalar metric K N] ^. If pi ^ they 
are complicated expressions in the general case; their values for the BGW model are given in 
Section 3.5. If pi = 0, they reduce to the result given in Section 2.4, with the substitutions W — > w 
and (lA^Ol ). 

If pi = the expressions in Section 2 receive no corrections if supersymmetrybreaking is dilaton 
mediated, F a = 0. If there is no dilaton "superpotential", w s = 0, the only correction is the 
rescaling F a — > (1 + b£)F a . If a dilaton "superpotential" v is generated by a single dominant 
gaugino condensate (and the associated matter condensates), the dilaton dependence of v in ( |A.17 ) 
follows quite generally from anomaly matching, giving 



d s lnw = v/b + w. 



(A.21) 



Since b + < b, the corrections in (A.19) can be significant if \v/w\,cos6 and l/t a are all order one. 
The moduli dependence of v in (|A. 17] ) follows from perturbative modular invariance .0 To the extent 
that modular invariant condensation dominates supersymmetry breaking, one gets essentially the 

18 Modular invariance could be broken in v if corrections to k(£) from string nonperturbative effects are moduli 
dependent Pq]. We have ignored this possibility throughout. 



35 



BGW model with negligible contributions from F a . On the other hand if (W) is dominant, the 
corrections found in ( A.19| ) again become negligible. They are significant only if there are two 
comparable sources of supersymmetry breaking. Even in this case they are unimportant in the 
large T limit if d s In w is not too large. Note that the correction to the A-term does not vanish 
at the self-dual points for the moduli, so in this case we would not get an "anomaly mediated" 
scenario at these points when F s = 0. In the chiral formulation Q, there is mixing between dilaton 
and moduli F-terms. In that language, the corrections to the results of Section 2, aside from the 
rescaling of F a , arise from terms proportional to F s F a K S f a + h.c. in the potential. 



B. Soft supersymmetry breaking terms in orbifold models 

In this appendix we collect the complete expressions (tree plus one loop correction) for the soft 
supersymmetry breaking terms in orbifold models defined by ( |2.6| ), ( |2.§| ) and ( |2.11 ) with super- 
symmetry breaking vevs parameterized by ( |3.1| ) and ( |3.2j ). We neglect corrections proportional to 
<5gs/487t 2 in the scalar potential that were discussed in Appendix A. 
The gaugino mass is determined from ( |2.37| ) and (2.22): 



M. 



tot 



s2(m) 



16tH 



26° 



sin ( 



V3 k 1 ' 2 



-ijs 



(B.l) 



The trilinear A-terms are obtained from ( p. 35 ). The expression is simplified by utilizing ( |2.31| ) to 
obtain the identities 



where the last relation is true if m ^ «i(s). This yields A-terms of the form: 



(B.2) 
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.tot M 



m { a 
Plm 



(ra? + raf + n£ + 1) ln(AL)) 

/ (3 lm a 

y + ^2 it (d 3 ln(//? ) + y ln(/tL) ) + X/ ^ m<5s Mpim) 



sin 6 

' 1.1/2 



In [(t a + t a )\ V (t a )\ 4 ] ( Y,9hiP? a -ksY, 

a. \ a lm 



lm a 
7i Plm 



+ cyclic(ijk). 



(B.3) 
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B 



The bilinear B-terms have a similar form 

-53 In [(t + f)\r,(t )\ 4 ] 53^ m PfmZ)(* a +i Q )G?6 Q (< +nf + < + 1) 



±53 e Q (« + n? + 1) - ft- in ^) - 53(* Q + F")G?e a ( 5] 7 Ma + ^' 



lm a 
Plm 



+ 537; m 53(*" + i a )G20a(n" + +fi° + 1) ln(£ 



~? 1 

Zm J 



y ln(/tL) + & ln(/Xj, 



Zm ck \a, im / 



+(i <-> j) 



(B.4) 



The scalar masses arise from ( 2.56| ) and (2.57). Some degree of consolidation can be obtained 
by employing the relation ( |B.2j ) as well as 



\F s fd s ^gl = \M^ 



(B.5) 



to allow the following identifications: 



l rn 

F s ^ftft-(53 7 i m ln(AL) 



(m ) 



53 T ? {^M^ftrln^L) - 2(M< 0) ) 2 In (/*<»)} 

a 

53 7 <'" {^m^Mftm) + k-F^A^ n In(AL) - In(AL)} 

5] 7 ? {2(A/< 0) ) 2 ln(A 2 a ) + \F s \ 2 d s chHpl) ~ [m^F* WMmL) + h.c] } 

a 

\F S \ 2 53 {ftftrMAim) + {k S s + k s k-) hn(p, 2 m ) + [fe s ft-ln(/iL) + h.c] } 



With these, the complete expression for the tree level plus one loop scalar masses is given by 
( 1 



(M, 



g(l+7i) + 



^E ln + r )w* a )i 4 ] ( 537?p?« -253^) 
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COS # 

3^3 



~ 2 > 4- sm ^ 

■jfcJ + 1/2 



3%/3 



53 {t a + T)G%® a 53 7 f (n? + + ^ + 1) 



COS 7 c + COS # 



1 \ "" , 



-3 53 e « ( X! ^ p <» + E ^ kp ^ k ) ~ § 53 n ? e « maL) + ^ 5Z 7 ' Jfc 5Z( n ? + n k) Q i in(A?fc) 

a; \ a j'fe / a a jk a. 
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- 5> [(t a + rmnf] (-1 £ « E ^ + 5 E ^ + »M 

a \ a a jfc ,d 

+~E 7 ^ E E^ + ^)(* 7 +^)GfGJ6 5 e 7 (nf + nf + nf + l)(n? + nj + < + 1) ) e 



jk 



7 



+^E^^ E E^ +?' 3 )G?G^e a e /3 (nf + +n£ + 1) cos( 7/3 



7« J 
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a f3 



+ i 7 f E E(* Q + r )( t/3 +*")G2Gf e«9 fl (nf + n° +nj+ l)(n£ + nf + nf + 1) ln(/&)e 



+ - 
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sin # cos # 
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*(7S — 7a ) *\ 
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sin 2 6> 



'(7S — I'd) 



s(7S /a) 



+ 3 E^° + ^) G 2 e ° E dhiP?a C0S( 7S - 7 Q ) 

+ ^E ln K^+OWOI 4 ] E^'^ (fc,e-*^-^ +* s c < ^^) ^(t' 3 +t /3 )Gfe /3 (nf +nf + nf + 1) 

CK J ft /3 

+1 E ^* E^ + O^a ©«("? + n? + n£ + 1) ln(/&) + ln(/&)) e* 
+i E ^ E^ + r )G2"e Q (n? + + < + 1) (& ln(^) + fc s ln(j&)) 

J E ff * 7s? ln (^ a ) ~ 5 E 7? 8 «$rM#ia) + ^ E 7!?ff " ( 5s ln (^^) + 9i-ln(Aia)) 

a a a 
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Figure 2: U{l) Y Gaugino Mass in the BIM O-II Model. Contributions to the value of Mi from F T (dashed) 
and F s (dotted) as well as total Mi (solid) are given as a function of Goldstino angle for two values of Sgs and four 
T-modulus vevs: (Re t) = 0.5 (a), (Re t) — 0.9 (b), (Re t) — 5 (c), and (Re t) = 20 (d). All values are given as a 
fraction of the gravitino mass m 3 / 2 . 
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Figure 3: Relative Gaugino Masses vs. (Re t) in the BIM O-II Model with Auv = 2 x 10 16 GeV. Relative 
sizes of the three gaugino masses Mi (dashed), M2 (dotted) and M3 (solid) are displayed as a function of (Re t) for 
two values of the Goldstino angle 9 and three representative values of 5qs . The vertical dotted line at (Re t) — 1 
indicates the moduli self-dual point where gaugino masses become independent of Sgs- When sin# = this point 



represents the case of leading anomaly contributions discussed in Section 3.1. All masses are relative to the gravitino 
mass 7713/2- 
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Figure 4: Ratio Mi/M 2 in BIM O-II Model. Contours of the absolute value of the ratio of U(l) to SU(2) 
gaugino masses are given for boundary scales of Auv = 2 x 10 16 GeV for panels (a) and (b), and Auv = 1 X 10 11 
GeV for panels (c) and (d). The shaded area is the region of parameter space for which \M\\ > \Mi\. The arrow 
indicates the direction of smallest ratios as the discontinuity M2 = is approached. The contour Mj = M2 is given 
by the heavy solid line. 
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Figure 5: Relative Gaugino Masses in the BIM O-II and BIM O-I Models with 9 = 0. Relative sizes 
of the three gaugino masses M\ (dashed), M2 (dotted) and M3 (solid) are displayed as a function of (Re t) for two 
values of the Green-Schwarz coefficient 8gs and Auv = 2 x 10 16 GeV. The top panels (a) represent the BIM O-II 
the middle panels (b) represent the BIM OT model and the bottom panels (c) represent the 



model from Section 3.2 



Love & Stadler case from | pl[ . All masses are relative to the gravitino mass m 3 / 2 . 
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Figure 6: Relative Gaugino Masses in the BIM O-I Models with 6 = it/3 and 5gs = 0. Relative sizes of 
the three gaugino masses are displayed as a function of (Re t) for the BIM O-I Model (solid) and the Love & Stadler 
Model (dashed) at Auv = 2 x 10 16 GeV. All masses are relative to the gravitino mass m 3 / 2 - 
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Table 2: Sample Spectra (in GeV) for Typical Models of Sections |3J], |3T2] and |373|. All 

cases are for PV scenario (A), tan (3 = 3 and Auv = 2 x 10 16 GeV {B % and W% % represent the 
content of the lightest neutralino in per cents). The first O-II case considered, while clearly ruled 
out experimentally, is presented as an illustrative example. 
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Table 3: Sample Spectra (in GeV) for Typical Models of Sections 3.1 , 

same as in Table 2 but for tan (3 = 10. Neither of the large threshold models are viable at this 
value of tan (5. 
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Figure 7: Gaugino Masses in the BGW Model. Gaugino masses Mi (dashed), M 2 (dotted) and M 3 (solid) 
are given at a scale Auv = 1 X 10 14 GeV as a function of the condensing group beta function coefficient &+. The 
vertical dotted line in the left panel is the case of Eq condensation in the hidden sector with 9 27s of hidden sector 
matter studied in [M. The right panel focuses on the region where the three masses are approximately unified. 
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Figure 8: Spectrum of Soft Supersymmetry Breaking Terms in BGW Model. All values are given 
relative to the gravitino mass 7713/2 at a scale Auv = 1 x 10 14 GeV as a function of the condensing group beta 
function coefficient 
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